Polycystic ovary syndrome (PCOS) is the most common endocrine disorder in women of reproductive age, with clinical symptoms including menstrual dysfunction and hyperandrogenemia, as well as insulin resistance which is thought to be a key contributing factor to symptoms. Insulin is also thought to positively affect bone while oligo-and amenorrhea are known to negatively affect bone. Lifestyle modification is the first recommendation to treat symptoms of PCOS; however, little is known about the effect of lifestyle interventions on bone measures in this population. Pulses (e.g., chickpeas, beans, split peas, lentils) have been shown to lower fasting insulin, and the objective of this study was to determine the effect of a pulse-based diet compared to the therapeutic lifestyle changes (TLC) diet on bone measures and body composition in women with PCOS. Women aged 18-35 years with PCOS were randomized to either a pulse-based diet or the TLC diet for 16-weeks while following an aerobic exercise program. Thirty-one in the TLC group and 29 in the pulse group completed dual-energy X-ray absorptiometry analysis following the intervention. After 16-weeks, both groups had a lower BMI, whole body fat mass, and % fat (p < 0.005), with no difference in lean mass. In both groups, lumbar spine bone mineral content (BMC) and density were higher following the intervention (p < 0.05) while femoral neck bone mineral density (BMD) was lower (p < 0.05). Intertrochanteric section modulus improved in both groups while there was a group x time interaction in femoral shaft subperiosteal width which was more favorable in the pulse group (p < 0.05). This study demonstrates that the femoral neck may be compromised during a lifestyle intervention in women with PCOS. Research is warranted to preserve bone health during lifestyle change in women with PCOS.
Introduction
Polycystic ovary syndrome (PCOS) is a common endocrine disorder in women of reproductive age with a prevalence estimated at 5-20% of premenopausal women (March et al., 2010; Yildiz et al., 2012) . Characteristics of the syndrome include menstrual and ovulatory dysfunction, hyperandrogenemia, hirsutism, and polycystic ovaries (Azziz et al., 2009) . Furthermore, insulin resistance and associated hyperinsulinemia affect 50-70% of women with PCOS, which is thought to be a contributing factor to the pathogenesis of the syndrome (Douglas, 2006; Moran and Norman, 2004) .
Oligomenorrhea or amenorrhea are present in approximately 65-80% of women with PCOS (Hart et al., 2004) and these menstrual disturbances have been associated with low bone mineral density (BMD) in conditions associated with low estrogen such as eating disorders (Solmi et al., 2016) . Some studies have suggested a protective effect of hyperinsulinemia associated with PCOS on BMD Yüksel et al., 2001) . Others have demonstrated lean women with PCOS have lower BMD compared to controls, while obese women with PCOS are not different from either group (Katulski et al., 2014) . Furthermore, no difference in BMD between women with PCOS and healthy controls has also been demonstrated (Ganie et al., 2018) .
The first line treatment for PCOS is lifestyle change aimed at weight management, and it has been shown that a 5-10% weight reduction can lead to significant clinical improvements in symptoms of PCOS (Teede et al., 2018) . Although weight loss is beneficial in PCOS, BMD is positively associated with body weight and little is known about the risk of negatively affecting BMD following weight loss in this population. Furthermore, there is increasing evidence for the importance of using bone geometry to assess bone strength (Bonnick, 2007) and there are currently no studies determining the effect of a diet and exercise intervention on measures of hip geometry in women with PCOS. This is particularly important considering the demonstration that normal-weight women with PCOS appear to have compromised BMD (Katulski et al., 2014) .
Pulses (e.g., lentils, chickpeas, beans, split peas) have a low-glycemic index and have been shown to lower fasting blood insulin (Sievenpiper et al., 2009 ). While many plant-based protein sources, such as pulses, are low in sulfur amino acids, it has been suggested that foods high in sulfur amino acids, such as animal-based proteins, may lead to sulfuric acid production and subsequent bone resorption (Zwart et al., 2005) . The present study is part of a larger study determining the effects of a pulse-based diet in women with PCOS. We previously demonstrated the benefits of a low-glycemic-index pulse-based diet including split peas, lentils, beans, and chickpeas over the Therapeutic Lifestyle Changes (TLC) diet on the cardiometabolic health of women with PCOS (Kazemi et al., 2018) . In this secondary outcome analysis of the trial, we compared changes in the bone and body composition markers of women with PCOS who participated in the pulse-based or the TLC diet interventions. We hypothesized that the detrimental effect of weight loss on bone may in part be mitigated by a pulse-based diet compared to the TLC diet.
Methods

Study design
The present study is part of a larger study investigating the effects of a 16-week pulse-based diet and exercise intervention in women with PCOS and has been described elsewhere (McBreairty et al., 2017) . The study was a single-blind, parallel, stratified-randomized clinical trial carried out between April 2011 and June 2016. The study was approved by the University of Saskatchewan Biomedical Research Ethics Board (BIO-REB 10-98), and all women gave written informed consent before participation in the study. All procedures were conducted in compliance with the World Medical Association Declaration of Helsinki, the Guidelines of the International Conference on Harmonization on Good Clinical Practice, and the Canadian Tri-Council Policy Statement on the Ethical Conduct for Research Involving Humans (Canadian Institute of Health Research). We adhered to the Consolidated Standards of Reporting Trials (CONSORT) guidelines for reporting on randomized clinical trials. The trial was registered at ClinicalTrials.gov (https:// clinicaltrials.gov/, NCT01288638. Lifestyle Intervention for Polycystic Ovary Syndrome: Pulse-Based Diet and Exercise).
Participants
Women aged 18 to 35 years old and experiencing missed or irregular periods, unwanted male-pattern facial and/or body hair growth, and/or infertility were recruited via posters, contacting doctors' offices and postings on the University of Saskatchewan website. For diagnosis of PCOS women met with an obstetrics-gynecologist and were assessed using criteria specified in the PCOS report of the Androgen Excess and PCOS Society (Azziz et al., 2006) . A diagnosis of PCOS required 1) either oligo-amenorrhea and/or polycystic ovaries defined as > 25 follicles visualized by transvaginal ultrasonography to reflect the newest guidelines for polycystic ovaries recommended by the Androgen Excess and PCOS Society (Dewailly et al., 2014) , and 2) hyperandrogenism as defined by a Ferriman and Gallwey score of > 6 and/or biochemical hyperandrogenemia. Hirsutism was scored using the modified Ferriman-Gallwey Index, adjusted for ethnicity (Yildiz et al., 2010) . Exclusion criteria included the use of hormonal birth control methods or fertility medications during the 3 months prior to diagnosis. Women taking medications that are known or suspected to interfere with cardiometabolic and reproductive function, weight, and/or appetite, or having a medical condition limiting exercise or consumption of a pulsebased diet were also excluded. A diagnosis of PCOS was excluded in women with the following conditions: Taking anti-seizure or anti-psychotic medications known to induce development of polycystic ovaries; untreated hyperprolactinemia or thyroid disease; or, excessive adrenal androgen production confirmed by a diagnosis of congenital adrenal hyperplasia or an adrenal tumor. Women were also excluded from the study if they had an uncontrolled medical condition that interfered with ovarian or systemic hormone production, were pregnant or breastfeeding, or resided outside of the local geographic area.
Study setting
The study was conducted in Saskatoon, SK Canada. Diagnostic appointments were completed at the Royal University Hospital in Saskatoon. Other assessments took place at the College of Kinesiology research facility on the University of Saskatchewan campus.
Intervention
Following the diagnosis of PCOS, participants underwent baseline testing as described previously (McBreairty et al., 2017) and is further detailed below. Participants then met with a registered dietitian for 1.5 h where the TLC diet guidelines were explained. These guidelines were developed by the National Cholesterol Education Program Expert Panel on Detection, Evaluation, and Treatment of High Blood Cholesterol in Adults (National Cholesterol Education Program (Adult Treatment Panel III), 2002). Details of the TLC diet and counseling were previously published (Kazemi et al., 2018; McBreairty et al., 2017) . Participants were provided with handouts about TLC guidelines and were also given Canada's Food Guide. The dietitian explained healthy choices based on the TLC guidelines and participants were encouraged to consume lean meats such as chicken or fish as a protein source. Participants also received approximately 4-h of education and counseling about PCOS and the benefits of lifestyle change to manage PCOS which was delivered by a gynecologist and researchers who were knowledgeable about reproductive endocrinology and clinical nutrition.
All participants followed the TLC diet for 2-weeks which was followed by a repeat of baseline clinical blood measures. Participants were then randomized to either the TLC or pulse-based diet using a computer-generated allocation schedule with a block size of four and a permuted block design. Randomization was stratified based on the use of the insulin-sensitizing drug Metformin and was performed by an investigator not involved in obtaining or entering participant data. Participants were notified of diet allocation via email and were not blind to randomization. Both intervention groups participated in an aerobic exercise program during the 16-week intervention which is further described below. Baseline measures were repeated at the end of the 16-week intervention, with clinical bloodwork repeated both at 9-weeks and at the end of the 16-weeks.
Diet
The pulse based-diet included meals prepared with dry peas, lentils, chickpeas, and beans. Two daily meals were supplied to participants weekly (i.e., 14 lunch and dinner meals) and contained approximately 150 g per day of pulses dry weight (250 g per day wet weight) which has been shown to be beneficial for lowering blood glucose and lipids (Abeysekara et al., 2012; Schäfer et al., 2003) . The meals included frozen and fresh options and participants provided input for meal preferences as well as allergies. Subjects were counseled to replace foods normally eaten for lunch and supper with the pulse-based food so as not to increase daily caloric intakes and were instructed to follow the TLC guidelines for breakfast and snacks. Those randomized to the TLCdiet were instructed to continue to follow the TLC-diet guidelines and to limit pulse consumption. Compliance to diet and exercise were determined via a daily log book where both groups recorded daily exercise. The pulse group recorded which pulse meals were consumed each day and whether TLC guidelines were followed for breakfast and snacks, and the TLC group recorded whether the TLC guidelines were followed.
Exercise
All participants were instructed to participate in aerobic exercise 5 days per week for 45 min per day with 3 required sessions at a University of Saskatchewan research exercise facility. Participants were able to choose which exercise equipment to use among the options of treadmill, cycling, elliptical, or rowing machine. Participants were given a gym orientation by a research assistant and were instructed to exercise at an intensity of at least 60% of their age-predicted maximal heart rate (i.e., 220-age).
Dual-energy X-ray absorptiometry (DXA)
Dual-energy X-ray absorptiometry (Hologic© Discovery Wi; Bedford, MA) was used to determine bone measures and body composition and was performed and analyzed by a certified radiology technologist as described previously (Beck et al., 2011; Chilibeck et al., 2013) . A quality-control phantom scan was performed daily. Geometric measures were determined at the narrow neck (NN) region, the intertrochanteric region, and the femoral shaft (FS), and included the subperiosteal width (SPW), bone cross-sectional area (CSA), cross-sectional moment of inertia (CSMI), and section modulus (Z). Bone CSA represents BMC and expresses the amount of bone within a cross-section in terms of cortical equivalent surface area opposed to mineral mass. Z accounts for mass distribution and CSMI further accounts for the maximum distance of mass distribution. The CSA indicates the compressive strength of bone with CSMI and Z indicating bone bending strength. SPW indicates bone outer diameter and contributes to section modulus, therefore increasing the bending strength of bone (LaCroix et al., 2010). Coefficients of variation for whole body, lumbar spine and proximal femur BMD were 0.5%, 0.7%, and 1.0%, respectively. Coefficients of variation for NN, intertrochanteric, and FS, respectively, were 5.3%, 1.8%, and 1.2% for SPW; 2.6%, 2.2%, and 1.8% for CSA; 7.2%, 4.3%, and 3.7% for CSMI; and 3.5%, 3.4%, and 2.1% for Z. Coefficients of variation for fat and bone mineral-free lean tissue mass (lean mass) were 3% and 0.5% respectively. Body mass was determined with a calibrated scale and height determined with a stadiometer. Body mass index (BMI) was calculated as mass (kg) divided by height squared (m 2 ).
Clinical measures
Total testosterone and estradiol were measured in a clinical laboratory at the Saskatoon Health Region in Saskatoon, Saskatchewan. Testosterone was determined using the IMMULITE 2000 Systems Analyzers (Tarrytown, NY) solid-phase, competitive chemiluminescent enzyme immunoassay. Estradiol was determined via electrochemiluminescence immunoassay. The intra-assay % coefficient of variation was < 7% for both assays.
Statistics
Students t-test was used to compare mean age between groups. A 2-factor ANOVA was used to compare the two groups over time (i.e., before vs. after the 16-week intervention), with time as a repeatedmeasures factor. All data were analyzed using Statistica version 12 (Statsoft, Chicago IL). Data are presented as mean ± SD. A pvalue < 0.05 was considered significant. Determination of sample size has been previously reported (McBreairty et al., 2017) 3. Results
Study compliance
The study outline can be seen in Fig. 1 . The intervention was completed by 31 and 30 women in the TLC and pulse group, respectively. Thirty-one and 29 women completed the end of intervention DXA assessment in the TLC and pulse groups, respectively, with all presented analysis performed on this sub-group. The mean age of the TLC and pulse groups were 26.8 ± 4.5 years and 26.6 ± 5.0 years, respectively, with no difference between groups. Compliance to the exercise program was 53.1 ± 22.2 min/day and 42.5 ± 8.6 min/day over 5 days/week for the pulse-based and TLC diet groups, respectively, with no difference between the groups. Out of the 14 weekly meals, women in the pulse group consumed 11.2 ± 0.2 meals per week and followed the TLC guidelines for breakfast and snacks 5.48 ± 0.36 days per week. The TLC group followed the TLC guidelines a mean of 5.30 ± 0.26 days/week. The compliance to dietary interventions was comparable between groups (p = 0.12).
Clinical intervention measures
Testosterone was determined in 18 and 20 women in the TLC and pulse groups, respectively. Testosterone was 1.73 ± 0.86 and 1.54 ± 0.79 nmol/L pre-and post-intervention, respectively, for the TLC group, and 1.75 ± 0.56 and 1.50 ± 0.42 nmol/L pre-and postintervention, respectively, for the pulse group. There was a time main effect for testosterone (p = 0.02) with no difference between groups. There were no differences found in estradiol which was 214.1 ± 175.9 and 223.4 ± 216.4 pmol/L pre-and post-intervention, respectively, in the TLC group (n = 17), and 161.9 ± 111.6 and 244.8 ± 177.1 pmol/L pre-and post-intervention, respectively, in the pulse group (n = 17).
Bone and body composition measures
Hip structural analysis measures for SPW, CSA, CSMI, and Z were determined in 26 and 24 women in the TLC and pulse groups, respectively, while all other measures were determined in all women who completed the end of intervention DXA. There was a time main effect for BMI (p = 0.005), body weight (p = 0.004), whole body fat mass (p = 0.0016), and % fat (p = 0.0003), with all measures lower following the intervention and no differences between groups. There were no differences in whole-body lean mass (Table 1) .
There was a time main effect for LS BMD (p = 0.032), LS BMC (p = 0.012), and IT Z (p = 0.042), which were higher following the intervention. There was also a time main effect for femoral neck BMD (p = 0.016) which was lower at the end of the intervention. There was a group x time interaction in FS SPW (p = 0.032) (3.03 ± 0.2 and 2.98 ± 0.25 cm baseline and 16-weeks, respectively in the TLC group versus 2.91 ± 0.22 and 2.93 ± 0.23 cm baseline and 16-weeks, respectively, in the pulse group) ( Table 2) .
Adverse events
Four adverse events were reported by three participants in the pulse-based diet group who withdrew from the study. The adverse events of upset stomach (n = 2), flatulence (n = 1), and bloating (n = 1) were rated as mild to moderate severity.
Discussion
Many studies have assessed BMD in women with PCOS due to the characteristics associated with the syndrome that are known to affect bone such as amenorrhea, obesity, hyperandrogenemia, and hyperinsulinemia (Good et al., 1999; Katulski et al., 2014; Noyan et al., 2004) . Although little is known about the effect of lifestyle interventions and weight loss on bone measures in women with PCOS, this study demonstrates that when combined with exercise, both a pulse-based diet and TLC diet for 16-weeks lead to~5% weight reduction with improved bone measures in the lumbar spine but reduced BMD in femoral neck. Both groups also improved IT Z following the intervention Data are expressed as mean ± SD and analyzed using repeated measures 2-factor ANOVA. BMC, bone mineral content; BMI, body mass index. and the pulse group had more favorable FS SPW after 16-weeks. These findings highlight that diet and exercise leading to weight loss can have opposing effects on bone in women with PCOS. Weight loss in premenopausal women is associated with reduced BMD (Fogelholm et al., 2001) ; however, including aerobic exercise during diet interventions has been shown to offset the deleterious effects on bone. Hosny et al. (2012) demonstrated that in premenopausal women, the addition of aerobic exercise to a calorie restricted diet for 3 months led to higher BMD in the lumbar spine and hip as well as higher lean mass, while both groups lost weight. A systematic review determining the effect of exercise on femoral neck and lumbar spine BMD in pre-and post-menopausal women concluded that exercise slows bone loss from the lumbar spine while studies in the femoral neck were less consistent (Wallace and Cumming, 2000) ; however, a systematic review by Kelley et al. (2013) concluded that exercise improved both lumbar spine and femoral neck BMD.
Interestingly, although estradiol was not different following the intervention, it has been suggested that the lumbar spine is more sensitive to reproductive hormones such as estrogen and age of menarche while both BMD and geometry of the femoral neck are more sensitive to body composition, with lean mass as the strongest predictor (Mallinson et al., 2013) . In the study by Hosny et al. (2012) lean body mass was significantly higher following an aerobic exercise intervention, which was not found in this study despite a similar exercise regimen. It is possible that solely high-impact exercise aimed at increasing lean mass would be necessary to mitigate the effects of weight loss on femoral neck BMD in women with PCOS. In addition, both interventions in this study led to lower testosterone, and the lower BMD in the femoral neck may in part be due to the association of testosterone with femoral neck BMD and not lumbar spine BMD in women with PCOS (McBreairty et al., 2017) . Further research is required to elucidate the impact of lifestyle interventions on bone health across BMI classes and PCOS variants in reproductive age women.
Compared to BMD, less is known about geometric measures of bone in pre-menopausal women (Kelley et al., 2013) . Despite the lower femoral neck BMD following the intervention, intertrochanteric Z improved in both groups after 16 weeks. These results are supported by Vainionpää et al. (2007) who have suggested that redistribution of bone mass can be achieved via low-impact exercise while increasing bone mass may require a higher threshold in pre-menopausal women.
Consequently, the aerobic exercise program used in this study may have been sufficient to prevent negative impacts on hip bone geometry while being insufficient to prevent loss in femoral neck density.
Although there were no differences in adherence to exercise between groups, FS SPW was more favorable in the pulse group following the intervention. This finding is contradictory to the association of FS SPW with insulin in women with PCOS , as insulin area under the curve following a 2-hour glucose tolerance test was previously shown to be lower in the pulse group following the intervention (Kazemi et al., 2018) . It is possible that the plant-based protein source provided in the pulse group resulted in more favorable FS SPW as the more acidic animal-based protein TLC diet may have led to more bone resorption; however, the remaining measures were similar between groups and results were not adjusted for the many secondary measures.
One of the primary limitations of this study is the lack of a nonexercise control group to differentiate between the effects of diet and exercise. One of the strengths of this study is the inclusion of a well define PCOS population. Furthermore, this study addresses the current gap in research evaluating lifestyle interventions in women with PCOS. The recent international guidelines on PCOS do not address exercise in relation to bone health and exercise recommendations are consistent with international physical activity guidelines and include no PCOS specific evidence-based recommendations (Teede et al., 2018) .
Conclusions
This study demonstrates that both a pulse-based and TLC diet when combined with exercise lead to loss of body weight and fat mass, with improvements in lumbar spine BMD and BMC as well as intertrochanteric Z; however, both interventions also lead to a loss in femoral neck BMD. There were no differences in bone outcomes between diet groups, with the exception of FS SPW which was more favorable in the pulse group. Future studies should determine whether inclusion of high impact exercise can prevent loss of femoral neck BMD in women with PCOS and mitigate the potential negative effect on the bone from improved insulin sensitivity. Data are expressed as mean ± SD and analyzed using repeated measures 2-factor ANOVA. CSA, cross-sectional area; CSMI, cross-sectional moment of inertia; FS, femoral shaft; IT, intertrochanteric; NN, narrow neck; SPW, subperiosteal width; Troc, trochanter; WB, whole body; Z, section modulus.
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